The life style of Aureobasidium pullulans on pectin medium and its production of extracellular polygalacturonases are closely related. Polygalacturonases with random action pattern (EC 3.2.1.15) were formed in the first phases of cultivation, whereas exopolygalacturonases (EC 3.2.1.67) with terminal action pattern on pectin were produced during the whole growth of this yeast-like fungus. The production and inactivation of individual enzyme forms during cultivation were strongly dependent on the pH value of the pectin medium. Various kinds of stress can support the prolongation of the phase of endo-acting enzyme production, as well as the increase of their activity.
Introduction
Plants are continually exposed to a vast array of phytopathogenic fungi. One of the barriers against phytopathogenic fungi is the plant polysaccharide-rich cell wall. The vast majority of fungi need to breach these barriers to gain access to the plant tissue, and for this purpose secretes a number of enzymes capable of degrading the wall polymers. When fungi are grown on plant cell wall material, pectic enzymes are invariably the first enzymes to be secreted, followed by hemicellulases and cellulases. Only after pectic enzymes, and in particular endopolygalacturonase, have acted on their substrates, the cellulose-xyloglucan framework, which is normally embedded in the pectin matrix, becomes accessible (Cervone et al., 1996) . Plants, for example potato or carrots (Stratilová et al., 1998) , also produce pectolytic enzymes. An assumed natural role in plants includes fruit maturation, growth, abscission and pollen development.
The yeast-like fungus Aureobasidium pullulans (De Bary) Arnaud is an ubiquitous saprophyte that occurs commonly in the phyllosphere of many crop plants and on various tropical fruits. It has been considered mainly as a plant pathogen causing softening of plant tissue (Deshpande et al., 1992) .
A. pullulans produces the whole spectrum of pectolytic enzymes including polygalacturonase (Archer & Fielding, 1979; Manachini et al., 1988; Deshpande et al., 1992; Biely & Sláviková, 1994; Biely et al., 1996; Stratilová et al., 2005) , exopolygalacturonase (Biely et al., 1996; Blanco et al., 1999; Stratilová et al., 2005) , pectin methylesterase (Archer, 1979) , and pectin and pectate lyases (Manachini et al., 1988) . Polygalacturonase (endopolygalacturonase, EC 3.2.1.15) and exopolygalacturonase (EC 3.2.1.67) cleave the α-1,4-glycosidic linkages between linked deesterified galacturonic acid units in the linear part of pectin molecules (Rexová-Benková & Markovič, 1976) . Enzymes with an "endo" manner cause plant tissue maceration and also injury and death of unplasmolysed plant cells (Cervone et al., 1996) . A. pullulans isolated from waters of Danube river produced the endo-acting enzymes only in the first phases of its growth on pectin medium . Only exopolygalacturonases with terminal splitting of polymeric substrate were observed in later phases. The active site of major form seemed to be identical with that described for polygalacturonase of phytopathogenic fungus Aspergillus niger (Rexová-Benková & Markovič, 1976) . A role of polygalacturonases in colonization of plant cells rather than in pathogenesis was proposed in physiological conditions .
Isoenzymes of polygalacturonase produced by A. pullulans were observed (Archer & Fielding, 1979) 258 E. Stratilová et al. and partially characterized . The occurrence of multiple isoforms, each of which may in turn comprise multiple glycoforms, may have a physiological significance. Different forms of the same enzyme may differ in stability, specific activity, pH optimum, substrate preference or degradation kinetic, and in types of oligosaccharides released (Cervone et al., 1996) . Redundancy of the offence components may allow to accommodate pathogenesis in a variety of different conditions and hosts, as well as it may protect the fungus from losses of pathogenity functions. The actual pH of environment of A. pullulans seemed to be the main factor determining the production of individual enzyme form .
Generally, very little is known about the polygalacturonases of yeasts and about the conditions for their production in comparison with polygalacturonases of fungi and bacteria (Blanco et al., 1999) .
The aim of this work was to evaluate some of the general rules of polygalacturonase production during growth of A. pullulans. The life style of microorganism and the characteristic features of extracellular polygalacturonases are discussed. Three strains of different origin were compared.
Material and methods
Strains of A. pullulans and the conditions of their cultivation Three strains of A. pullulans were used. One was the strain previously used in the study by BIELY et al. (1996) , a colorvariant strain NRRLY-2311 (LEATHERS et al., 1984) . This strain is also deposited in the Culture Collection of Yeasts (Institute of Chemistry of the Slovak Academy of Sciences, Bratislava, Slovakia), under the number CCY 27-1-98. The other two strains were relatively new isolates obtained from this deposition: CCY 27-1-111 was isolated from the waters of the Danube river and CCY 27-1-115 from the forest soil (SLÁVIKOVÁ & VADKERTIOVÁ, 1997 , 2000 .
All three strains were cultured on Czapek's Dox media (Difco, Michigan) with purified pectin as the only carbon source. Commercial citrus pectin (GENU Pectin, Denmark) was purified as previously described (KOHN & FURDA, 1967) . Thus purified pectin had degree of esterification 45% and contained 87% of uronic acid in dry matter. The concentration of pectin used in cultivation medium was 1.3%.
The yeasts were grown aerobically in liquid pectin medium (500 mL in 1000 mL of flask volume) with pH adjusted to 3-8.5 either on a shaker (100 rpm) at 28
• C or under stationary cultivation. The influence of osmotic stress was investigated by adding NaCl to final concentration of 4%. The influence of cadmium was evaluated by adding CdCl2 to final concentrations of 0 mM, 5.0 mM and 10.0 mM. Medium with non-adjusted pH (about 3) was used in experiments with NaCl or CdCl2.
The growth of cultures was monitored by Bürker cell utilizing microscope Fluoval 2 (Karl-Zeiss, Jena, Germany).
Preparation of the crude protein extract
Aliquots of 500 mL of cultivation media were taken at different times from the start of cultivation (48 h, 120 h and 192 h for evaluation of pH influence and 24 h, 48 h, 96 h, 144 h and 168 h for the influence of stress). A crude extracellular protein mixture was obtained by the precipitation of centrifuged cultivation medium with ammonium sulfate (90% of saturation, 24 h, 4
• C), filtered, dissolved in a small amount of water and then precipitated with ethanol (1:4, 24 h, 4
• C). After partial desalting by dialysis against water, desalting of proteins was completed on Sephadex G-25 column. Crude proteins obtained in this way from culture filtrates were used in all experiments.
Activity assay
The total polygalacturonase and exopolygalacturonase activity was assayed at 30
• C in time intervals by measuring the increase of reducing groups (SOMOGYI, 1952) , using potassium pectate (0.5% in 0.1 M acetate buffer, pH 4.6) as a substrate and D-galactopyranuronic acid as a standard. Pectate as a substrate was prepared from purified pectin by total alkaline deesterification (KOHN & FURDA, 1967) . The activity of exopolygalacturonase was evaluated by the same manner utilizing digalacturonic acid as the substrate of difference. Oligogalacturonates were obtained by enzymatic hydrolysis of pectate followed by gel permeation chromatography on a Sephadex G-25 Fine and by desalting on a Sephadex G-10 column (HEINRICHOVÁ, 1983) .
Various concentrations (0.5-2.5 mg/mL) of crude protein precipitate containing inhibitor of fungal polygalacturonases obtained from carrot roots as side product of polygalacturonases purification (STRATILOVÁ et al., 1996) were used for evaluation of inhibitory effect of these proteins on polygalacturonases produced by A. pullulans. Inhibition was compared with the inhibition of polygalacturonase produced by Aspergillus niger (Rőhm, Germany).
For pectate and pectin lyase assays potassium pectate and highly esterified pectin (degree of esterification 92%), respectively, were used at a concentration of 0.5% in 0.1 M phosphate buffer (pH 5.7-8.0) or in 0.1 M acetate buffer (pH 5.0-5.6). Enzyme activities were determined by recording the absorbance at 235 nm.
Identification of products of enzyme reaction
The viscosity measurements were obtained by degradation of polymeric substrate by extracellular enzymes in Ubbelohde viscometer. At the same time intervals the measurement of liberated reducing groups was performed and the degree of degradation of polymeric substrate was counted. Action pattern of produced mixtures of polygalacturonases was demonstrated by the correlation of viscosity decrease of polymeric substrate with the degree of its degradation.
Thin-layer chromatography of degradation products was performed on commercial Silica gel 60 plates (Merck, Germany) in a mixture of n-butanol : formic acid : water (2 : 3 : 1) (KOLLER & NEUKOM, 1964) . After detection with ammonium sulfate the products were identified on the basis of their retention factor as a function of their degree of polymerization.
Multiple forms evaluation
Ultrathin-layer isoelectric focusing in polyacrylamide gels on polyester films was performed as described (RADOLA, 1980) . Polygalacturonase activity was detected by the print technique with a substrate (D-galacturonan with degree of polymerization 10) dyed additionally with ruthenium red (Sigma, Germany). As a standard, Test Mix 9 (Sigma, Germany) was used.
The morphology of cells
The morphological features of cells cultivated at different pH on cultivation medium were compared after evaluation of frozen samples of centrifuged and washed cells on the agar layer taken by Color Video Camera (Sony) with the enlargement of 16 × 100 (Type MS 5, Merci microscope).
The reproducibility of experiments
Cultivation of strains CCY 27-1-98 and 27-1-111 was repeated three times with very high reproducibility. All experiments with CCY 27-1-115 were repeated five times because of slight variations observed in one of the cultivations.
Results and discussion
The growth of A. pullulans led to a change in pH of the pectin medium from 3.0 at the start of the culture to approximately 8.5 after about 192 h. The same phenomenon was observed by Manachini et al. (1988) with other strain of this microorganism or with fungus A. niger (Stratilová et al., 1996) . The growth of A. pullulans was negatively influenced by the acidic pH of pectin medium at the start, but after the pH modification it was improved. This was in contradiction with the result obtained by Biely et al. (1996) where the growth of CCY 27-1-98 was possible at pH 3-4. The morphology of the yeasts varies depending on the strains of A. pullulans (yeast form for the strain CCY 27-1-98 and hyphal form mixed with yeast one for the other two strains). The expected changes of morphology of cells as a result of changing pH of cultivation medium were not observed.
Extracellular polygalacturonase activity increased in general during the first 48 h of cultivation, followed by a decrease and a slight increase from 120 h. When a range of pH adjusted medium (pH 3.5-8.5) was used, maximal polygalacturonase activity was found to be pH-and strain-dependent (CCY 27-1-98 pH 6, CCY 27-1-111 pH 3, and CCY 27-1-115 pH 3 and 8.5). The polygalacturonase activity expressed over a pH range 3.3-6.1 and the highest production of exopolygalacturonase at pH 5 and 6 were found by Biely et al. (1996) (strain 27-1-98 after 24 h).
One possible explanation for variations in the production of polygalacturonases expressed in values of measured activity is the production of different forms during the cultivation on media with different starting pH. To investigate this, we first separated the proteins in polyacrylamide gels and subsequently detected the enzyme activities with print gels containing the polygalacturonase specific substrate d-galacturonan with degree of polymerization 10. In contrast to previous observations (Manachini et al., 1988) , no pectate or pectin lyase activities were detected in extracellular protein mixture produced by these three strains. It can be concluded that only polygalacturonase or exopolygalacturonase activities were responsible for the degradation of oligogalacturonates in gel used for detection. The appearance of individual enzyme forms was strain-, initial pH-and time-dependent (Fig. 1) , however, time dependence was also linked to the changes in pH. In natural medium, the strains 27-1-111 and 27-1-115 produced strongly basic forms of polygalacturonase in the first phases of their growth (Fig. 1B,C) . After their inactivation, more acidic forms appeared. Similar forms were produced by the strain CCY 27-1-98 (Fig. 1A) , too, but the detection of basic forms required very high concentrations of crude protein mixture leading to destruction of polyacrylamide gel.
Only exopolygalacturonase activity was detected in the medium after cultivation (10 days) of all strains. This was shown by evaluation of action pattern of enzymes on pectate as a substrate (Fig. 2) as well as by the determination of degradation products (Fig. 3) . 50% viscosity decrease corresponding to more degradation than 8% of glycosidic linkages in pectate and thin-layer chromatography plates, where d-galacturonic acid as the only product of pectate degradation was observed, showed clearly a presence of enzymes with terminal mode of action. The production of both polygalacturonase and exopolygalacturonase was described for other strains of A. pullulans (Manachini et al., 1988; Biely , 1996) . These results were achieved in the first phases of growth of the strains. For this reason, the action pattern of extracellular polygalacturonases and the products of their pectate degradation produced after 48 h were evaluated (Figs 2, 3) . The experimental results (48 h) showed the presence of enzymes with typical random cleavage of polymeric substrate. This statement was based on a rapid decrease of viscosity corresponding to a low degree of substrate degradation [ (Fig. 2) , the 50% of viscosity decrease corresponded to less than 3% of degradation] and the production of the mixture of oligogalacturonates as products of pectate cleavage (Fig. 3) . The differences between curves of viscosity decrease for individual strains (Fig. 2) may be due to variations in production of polygalacturonases and exopolygalacturonases with different affinity to substrates with various degree of polymerization [CCY 27-1-111 -Stratilová et al. (2005), CCY 27-1-115, CCY 27-1-98 -unpublished results] . The production of endoacting enzymes by strains growing 48 h on the medium with initial pH adjusted to the value of about 8 ( Fig. 1) was not observed (results of viscosimetry and thin-layer chromatography of degradation products were identical with those obtained for exo-enzymes). This indicated the primary influence of pH on the production of individual form of polygalacturonase or exopolygalacturonase.
The main form of polygalacturonase produced by CCY 27-1-111 cleaved tetragalacturonate specifically to trigalacturonate and d-galactouronate similarly as described for fungal polygalacturonases (Rexová-Benková & Markovič, 1976) . This was also observed for the purified polygalacturonase forms of CCY 27-1-115 with pH optima 4.6 and 5.2 (Fig. 4) . The identical arrangement of active site of fungal and A. pullulans polygalacturonases containing four subsites with the catalytic site situated between first and second site can be proposed. Enzymes were inhibited by a specific protein inhibitor from carrot roots (Bellincampi et al., 2004) as also the fungal polygalacturonases were (Fig. 5) , but the extent of inhibition varied. The essential difference between the polygalacturonases of A. pullulans and phytopathogenic fungi is their ability to be produced and be stable in basic medium.
The presence of some stress factors during the cultivation of A. pullulans (reduced oxygen supply, osmosis or the presence of heavy metal in cultivation medium) generally delayed the polygalacturonase production. The presence of cadmium also induced higher activities and the time of enzyme activity was prolonged (Fig. 6) . The influence of osmosis (4% NaCl) was straindependent -a similar effect as the presence of heavy metal for strains CCY 27-1-111 (Fig. 6B) and CCY 27-1-115 (Fig. 6C) , while lower activity was detected for the strain CCY 27-1-98 (Fig. 6A) . Delayed production and decrease of enzyme activities were observed under reduced oxygen supply (Fig. 6 ). This phenomenon can lead to a prolonged and more effective destructive phase of A. pullulans on pectin substances.
It could be concluded that the life style of Aureobasidium pullulans on pectin medium and its production of extracellular polygalacturonases are closely related. Polygalacturonases with random action pattern were produced in the first phases of cultivation in acidic medium. The main enzyme form was similar to fungal polygalacturonases in relation to the arrangement of active site and the protective effect of plant protein inhibitor. Only exopolygalacturonases were found during prolonged cultivation or cultivation in basic medium. This was the main difference between A. pullulans and phytopathogenic fungi. Various kinds of stress can support the prolongation of the phase of endo-acting enzyme production, as well as the increase of their activity.
